Present experimental datas have shown a 3.8σ level discrepancy with the standard model in B → D ( * ) τν τ . Some new physics models have been considered to explain this discrepancy possibly with new source of the CP violation. In this paper, we construct CP violating observables by using multi-pion decays in B → Dτ ν τ , and estimate sensitivity of these observables to generic CP violating operators. We also discuss possibilities of CP violation in leptoquark models and in 2HDM of type-III.
Introduction
The standard model (SM) gives an accurate description of elementary particle phenomena, however, experimenatal uncertainties about the flavor structure of the third generation are still larger than the first and second generations. In the standard model, the charged currents are described by the SU (2) L gauge coupling of the left-handed doublets of quarks and leptons, and the Cabibbo-Kobayashi-Maskawa flavor-mixing matrix. Some models beyond the standard model predict different structures. A typical example are two Higgs doublet models (2HDMs), which predict charged Higgs contributions, and its couplings are proportional to the fermion masses.
For testing the universality of charged currents among the lepton generations, ratios of the branching fractions are introduced as observables,
where denotes e or µ. The standard model predictions are given in the Refs. [1] [2] [3] [4] [5] [6] [7] . These values in Refs. [8, 9] are, R(D) SM = 0.305 ± 0.012, R(D * ) SM = 0.252 ± 0.004.
Predictions of the minimal supersymmetric standard model (MSSM) are found in Refs. [1-3, 10, 11] , which can significantly affect the semi-tauonic B decays, through its Higgs sector of the type-II 2HDM. The present experimental datas are given by the BaBar Collaboration [12, 13] : 
with the error correlation of ρ = −0.27. These results are inconsistent with the SM of Eq. (2) at 3.4σ, or 99.93% CL for the two data points. The type II 2HDM does not improve the fit, being inconsistent with the data at 99.8% CL for the optimal value of m H ± / tan β. The Belle Collaboration also reported measurements [14] [15] [16] , and the newest results which are estimated in Ref. [13] are, R(D) Belle = 0.34 ± 0.12, R(D * ) Belle = 0.43 ± 0.08,
where the error correlation value is not given. If we assume the same negative correlation of ρ = −0.27, the BaBar (3) and Belle (4) data can be combined to give R(D) exp = 0.42 ± 0.06, R(D * ) exp = 0.34 ± 0.03,
with the error correlation of ρ = −0.26. i The combined data is now inconsestent with the SM prediction (2) at 3.8σ (99.985% CL).
i If the error correlation is set to zero in the Belle data (4), the combined results give R(D) exp = 0.41 ± 0.06 and R(D * ) exp = 0.34 ± 0.03 with the correlation ρ = −0.22, which are inconsistent with the SM at 3.7σ (99.976% CL).
Some new physics scenarios consistent with the datas have been considered in Refs. [4] [5] [6] [7] [8] [17] [18] [19] [20] [21] [22] . In the articles [9, 23] , all leptoquark models compatible with the SM gauge group are studied. These models are found to be able to explain the experimental results. The 2HDM of type III can also account for the discrepancy [24] . In Ref. [8] , model independent analysis has been performed, and the Wilson coefficients of generic dimension-6 operators which are favored by the experimental data are identified. The allowed regions of the coefficients reside on the complex plane, and the imaginary parts induce CP violation. In Ref. [25] , some observables which are sensitive to CP violation are constructed by using the D * polarization, which is difficult to measure. In this paper, we discuss CP violating observables involving the polarization of vector resonances (ρ, a 1 , etc.) produced in the decay of the tau lepton in B → D ( * ) τ ν. In Sec. 2, we construct observables which have sensitivity to CP violation in a general situation, and only consider B → Dτ ν for simplicity. In Sec. 3, we examine the sensitivities of these observables to two independent imaginary parts of new physics Wilson coefficients. Furthermore, we examine CP violation term in three leptoquark models, and 2HDM of type-III. Finaly, we summarize our findings in Sec. 4.
Formalism

Effective Hamiltonian and amplitudes
Assuming the tau neutrinos to be left-handed, we introduce a general effective Hamiltonian that contains all possible four-fermion operators of the lowest dimension for the
where the four-Fermi operators are defined as
We consider the decay process B → Dτ ν τ followed by the tau lepton decay into two or three pions via a vector resonance,
where V denotes vector resonances. The vector resonances are ρ and ρ meson for the 2π decay (12c) and a 1 meson for 3π decay (12d,12e), whose decay branching fractions are about 26% and 18%, respectively. In the case of 3π decay, we assign the momentum p 1 to a pion which have a different electric charge from the others two pions. In this
where n is a pion number in the process, Q n denotes the 4-momentum of vector resonance, Q n = n i=1 p i . The density matrix distribution of the vector resonance production can be expressed as
where dΦ 4 (B → DV νν) denotes the invariant 4-body phase space for the vector boson of the momentum squared Q 2 n , and the decay matrix elements
are given for the vector boson of helicity λ in the rest frame of the τ ν system, where
ii As explained in the following section, we perform all the numerical analysis by using amplitudes in TAUOLA [31, 32] , which takes account of the scalar (π ) contribution to the 3π mode. Although the scalar contributions can be included in our formalism by introducing the scalar polarization (λ = 4) of the "vector" resonance, we keep the 3×3 form of the density matrix (with λ, λ = ±1, 0) for the sake of brevity. None of our final results are sensitive to the π contribution to the 3π channel.
give the B → Dτν τ matrix elements of the general b → cτν τ contact interactions with new physics contributions. We parametrize the three Wilson coefficients as
where C V = 1 stand for the SM, and by factoring out the overall phase of the generalized coefficients C V . In Eq. (18), P ± = (1 ± γ 5 )/2, θ C denotes the Cabbibo angle, and α (Q, λ) is the polarization vector of vector resonances. The hadronic amplitudes H V,S,T are defined as
The pseudo-vector and the pseudo-scalar hadronic amplitudes are zero,
due to the parity conservation in the strong interactions. Three hadronic amplitudes in Eqs. (19) (20) (21) have been parameterized by using the heavy quark effective theory [26] , and measured by the BaBar and Belle experiments [27] [28] [29] [30] . We adopt the parametrization given in the Ref. [9] in our numerical analysis. In Eq. (13), the density matrix of the V → nπ decay distribution is defined as
where the V → nπ decay amplitudes M λ n are given in Refs. [31] [32] [33] . For the 2π decay
and for the 3π decay
with
The form factors F n (Q 2 n ) are parametrized in Refs. [31, 32] as
by using a modified Breit-Wigner propagator
We consider ρ and ρ resonances in the case of V → 2π decay, with α = −0.145 [31, 32] in Eq. (27) . The runnnig width is defined as
where the line shape factors are
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CP asymmetries
We consider B → D processes for comparing with B → D processes in Eq. (12):
The differential decay rate for these processes are written as
where dΓ λλ V are given as
The kinematics in the case of V → 2π.
From these equations, we obtain the following basic formula,
where dΓ P n denote dΓ n with the parity transformation, that is, with reversing the directions of all 3-momenta. In short, the distributions are CP invariant if all the Wilson coefficients are real.
Let us write the total amplitude,
n , the product of the production (15) and decay (24, 25) amplitudes formally as
Here M SM is the amplitude from the SM, C NP M NP is the amplitude from the new physics, where C NP denote the Wilson coefficients of the new physics C V , C S and C T . From Eq. (40), we find
Therefore, we can measure the imaginary parts of the Wilson coefficients, which are the source of the CP violation by using this asymmetry.
CP violating observable in two-pion decay
We parametrize the momenta p B , p D , and Q 2 in the q rest frame ( p B − p D = 0) as
where
is the sum of two pion energies, and β = β
In this frame, we define z-axis along the direction of p D , and y-axis along the direction of p D × Q 2 . The opening angle between p D and Q 2 is denoted by θ V . The two pion momenta p 1 and p 2 in the Q 2 rest frame ( p 1 + p 2 = 0) can then be parametrized as
, z -axis is chosen along the direction of Q 2 in the q rest frame, and y -axis remains that of the y-axis. The polar and azimuthal angle of p 1 ,θ 1 andφ 1 , are parameterized as shown in Fig. 1 . We define the polarization vectors of the vector resonance in this Q 2 rest frame as
and the density matrix distribution of the vector resonance decay in the case of V → 2π is
Here λ(λ ) = +1, −1, 0 from the top rows (the left columns), and the diagonal elements are simply the squared of the d-functions, d
J=1 λ,0 (θ). Let us define the density matrix of the vector resonance production after integrating out the momenta of the two unmeasurable neutrinos as
We can now write the differential decay rate for all measurable momenta as dΓ 2
From Eq. (52), we obtain the following equation:
The differential decay rate of the CP conjugate process B → Dπ + π 0 ν τ ν τ , where all the three momenta are reversed, differ from Eq. (56) only by the last two terms:
Hereθ 1 andφ 1 for π + are defined exactly the same as for π − in Eq. (46). It should be noted here that the last two terms in Eq. (56) change sign under parity transformation. The CP violating term hence appears as P -odd distribution in the process B → Dπ − π 0 ν τ ν τ , and it reverses the sign for the CP-conjugate process B → Dπ + π 0 ν τ ν τ . Actually, the sensitivity of Im(P +− 2 ) to the imaginary parts of the Wilson coefficients (C V,S,T of Eq. (16), or more presicely speaking, the phase of C T,S in Eq. (18) , since the phase of C V is unobservable in our approximation) turns out to be very small as compared with that of Im(P 2 ). Therefore, we discuss only the asymmetry due to the last term of Eq. (57). We define the q 2 and E V dependent asymmetry distribution after integrating over all the other kinematical variables as follows:
where Γ 2 and Γ 2 are the total decay rate of the process B → Dπ − π 0 ν τ ν τ and B → Dπ + π − ν τ ν τ .
CP violating observable in three-pion decay
The amplitude of a 1 → 3π is
The contribution of this amplitude becomes large when P 2 12 or P 2 13 are near the pole of the ρ meson. When both P 12 and P 13 are near the pole, the amplitude is enhanced. Roughly the half of the distribution fall in the region. On the double ρ meson pole, the a 1 → 3π decay amplitude is written as
This has the same momentum structure as that of V → 2π. Furthermore, under the CP transformation, both p 1 and ( p 2 + p 3 )/2 reverse the sign, because we assign p 2 and p 3 for two identical π's consistently for all 3π decay modes; see Eqs. (12d-e) for a is near the pole of the ρ meson as shown in appendix A.
We parametrize the momenta Q 3 in the q rest frame as
where E V is the sum of three pions energies. The parametrization of p B and p D , and definition of axis directions are the same as those of V → 2π, see Eqs. (43-45). The opening angle made by p D and Q 3 is denoted by θ V . Then, we parametrize the momenta p 1 and P 23 in the Q 3 rest frame ( p 1 + p 2 + p 3 = 0) as
and P 23 = p 2 + p 3 . In this frame, we define z -axis as the direction of Q 3 in the q rest frame, and y -axis as the direction of the y-axis. The polar and azimuthal angle of p 1 ,θ 1 andφ 1 , are parameterized as shown in Fig. 2 . With this approximation, the decay density matrix has the same form as in Eq. (52) for a given after integrating over the internal phase space that keeps P 23 . We therefore arrive at the CP asymmetry for the 3π process which has the same form as in Eq. (57):
where Γ 3 and Γ 3 denote the total decay width of B → D(3π)ν τ ν τ and B → D(3π)ν τ ν τ .
In the above equation, integration over the invariant mass P 2 23 and the internal two body (p 2 + p 3 ) phase space has been suppressed for brevity. Although we can define more sophisticated CP asymmetry for the 3π mode by making full use of the 3-body decay kinematics, see e.g. Ref. [34] , we find that the above simple asymmetry has sufficiently strong sensitivity to CP violation, as shown in the next section.
Numerical results
Model independent analysis
We estimate the sensitivity of the distributions A 2 and A 3 to the imaginary parts of new physics Wilson coefficients.
In Fig. 3 , we show the density plot of the CP asymmetry function A 2 (q 2 , E V ) in C S = i and C V = C T = 0. The shaded areas are prohibited kinematically. The shape of density distributions are same for other value of C S . In the tensor case, the distribution slightly differs from that of C S . In the case of Im(C S,T ) = 0, the distribution is zero on all phase space. In Fig. 4 , we show the distributions A n (q 2 ) = dE V A n (q 2 , E V ) for the 2π (n = 2) mode (left), and for the 3π (n = 3) mode (right). The red-solid curves show results for (C V , C S , C T ) = (0, i, 0), the red-dashed curves are for (0, −i, 0), the blue-solid curves are for (0, 0, i), and the blue-dashed curves are for (0, 0, −i). Shapes of the distributions for the scalar effect are different from those for the tensor effect. Therefore, we can discriminate the type of the new physics interaction inducing CP violation by using these q 2 distributions. When the sign of the imaginary part change, the sign of the distributions also change. Note that the sign of distributions for the 2π and 3π mode are same for each models. So, unwished cancellation doesn't happen even if 2π 0 's in the a 1 → π ± π 0 π 0 decay are not resolved, then it should contribute to the ρ → π ± π 0 mode analysis.
In Fig. 5 and 6 , we show contour plots of the integrated CP asymmetry,
, on the plane of the complex coefficients C S (left) and C T (right), when all the other Wilson coefficients are set to zero. The typical values are about 0.1 on Im(C S,T ) 0.5 for both A 2 and A 3 . There are other integrated observables, for example, τ and D * polarizations [3, 8, 11] and forward-backward asymmetries [5, 9] . The behavior of A n for the wilson coefficients are different from such observables. Therefore, A n are useful to make the constraints on the Wilson coefficients be tight. It's notable that A n decide the sign of the imaginary part of Wilson coefficients.
Model analysis
It has been shown that the leptoquark models and the 2HDM of type-III have a possibility to explain the present experimental datas. So, we examine predictions for the size of the CP violation for these models. 
Leptoquark models
Some leptoquark models have the parameter spase which explain the experimental datas [9] . In this paper, we consider three leptoquark models as follows:
The quantum numbers of the leptoquarks are summarized in Table 1 . Then, the Wilson coefficients of these leptoquarks are given as
It's interesting that the R 2 and S 1 leptoquark models produce the combinations of the scalar and tensor interactions. The favored imaginary parts of the product of couplings for these leptoquark models with the leptoquark mass of 1 TeV have been estimated in Ref.
[9] as 
In Fig. 7 , we show the CP asymmetry distributions A n (q 2 ) = dE V A n (q 2 , E V ) for these couplings in Eqs. R 2 S 1 V 2 A 2 ∓0.13 ∓0.15 ∓0.13 A 3 ∓0.11 ∓0.13 ∓0.11 Table 2 : Central values of the integrated CP asymmetry, A n = dq
, for the couplings in Eq. (75-77). The signs of A n are opposite ones of the imaginary part of the coupling products for each case.
product for the R 2 (S 1 ) [V 2 ] leptoquark to − (−) [+] . Central values of the integrated CP asymmetry, A n = dq 2 dE V A n (q 2 , E V ), for these couplings are shown in Table 2 . The signs of A n are opposite ones of the imaginary part of the coupling products for each case.
In fact, the allowed regions for the present experimental datas in R 2 leptoquark model exist only around the region in Eq. (75). So, if the CP violation is not observed, the R 2 leptoquark model would be completely excluded.
2HDM of type-III
The 2HDMs predict the charged Higgs bosons H ± which affect the decay B → Dτ ν at tree level. The Lagrangian including the charged Higgs boson in the 2HDM of type-III [V 2 ] leptoquark model. We set the sign of the imaginary part of the coupling product for the R 2 (S 1 )
is written as:
where v = 174GeV and V CKM denote the Cabibbo-Kobayashi-Maskawa matrix. Then, the Wilson coefficients of this model are
, and we use an approximation V CKM j3 δ j3 . The off-diagonal elements of the matrices U , D , and E induce the flavor-changing neutral current, so the constraints on these parameters are tight. Actually, the constraint on the parameters D 23 and E 23 are tight, so we neglect these parameters. However, the constraint on the U 32 are not so tight, and there is an allowed region on this parameter, which have been shown in Ref. [24] .
In this paper, we set tan β = 50 and m H ± = 500GeV. In Fig. 8 , the blue region shows the allowed region for the experimental datas of R(D) and R(D * ) on the parameter
at 2σ level. The red region shows the allowed region at 2σ level for the normalized q 2 distribution in B → Dτ (→ νν)ν with kinematic cut m 2 miss > 1.5GeV 2 , which is measured by the BaBar collaboration [13] . This kinematic cut is the same as the BaBar's 2 at 2σ level. We set tan β = 50
and m H ± = 500GeV. It doesn't seem that the 2HDM of type-III is consistent with those experimental results. However, the p-values for the normalized q 2 distribution on U 32 = −0.13 ± 0.57i which are boundary of the red and blue regions are larger than the ones on the allowed region for R(D ( * ) ). So, we assume these parameters as benchmark points in the 2HDM type-III.
In Fig. 10 , the left (right) figure shows the CP asymmetry distributions A 2 (q 2 ) 
Conclusion
In this paper, we have constructed the CP asymmetry distribution A 2 (q 2 , E V ) for the decay processes B → Dτ (→ 2π)ν τ and A 3 (q 2 , E V ) for B → Dτ (→ 3π)ν τ by using the polarization of the vector resonances produced by the tau lepton. Assuming the tau neutrinos to be left-handed, we have introduced the general effective Hamiltonian that contains all possible four-fermion operators of the lowest dimension for the b → cτ ν τ . The two independent imaginary parts of the parameters C S and C T given by the Wilson coefficients of those operators induce the CP violation and nonzero distributions of A n (q 2 , E V ). These two parameters are related with the non-standard-model interactions of scalar and tensor.
We have examined the sensitivities of the A n (q 2 , E V ) to the scalar and tensor interactions. Shapes of the CP aymmetric q 2 distribution, A n (q 2 ) = A n (q 2 , E V ) for the scalar interaction are different from those of the tensor interaction. Therefore, we can discriminate the type of the new physics interaction inducing the CP violation using the distributions. The integrated CP asymmetries, A n = dq 2 dE V A n (q 2 , E V ), are also sensitive to Im( C S,T ), and take about 0.1 typically on Im(C S,T ) 0.5 for both 2π and 3π decays.
Some new physics models have been considered to explain the discrepancy between the present experimental datas and the SM predictions, and would induce the CP violation. We have examined expected the CP violation for three leptoquark models. The favored imaginary parts of the coupling products in the leptoquark models have been known, and we have estimated the A n (q 2 ) and A n for those couplings. The allowed regions for the present experimental datas in the R 2 leptoquark model only exist on the nonzero imaginary part. So, if the CP violation in B → Dτ ν is not observed, the R 2 leptoquark model would be completely excluded.
We have also discussed the 2HDM of type-III, and indicated the inconsistency of this model by using the experimental datas for ratios of the measured branching fractions R(D ( * ) ) and the normalized q 2 distribution in B → Dτν. Assuming parameters U 32 = −0.13 ± 0.57i as benchmark points in this model, we have estimated the A n (q 2 ) and A n in the type-III 2HDM.
In conclusion, the past measurements for B → Dτ ν in the BaBar and Belle have used only the leptonic tau decay modes, τ → νν. An analysis using the hadronic tau decay modes in semi-tauonic B decays would be difficult, however must give a lot of informations for the tau lepton polarization. We hope for successful measurements of the hadronic channels in Belle-II and LHCb. We assume that the momentum squared P 2 13 (P 2 12 ) in the first (second) term which is not near the pole is significantly smaller than m
